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We report a comparative study of the critical current density (Jc) and vortex pinning among pure
and Mn doped KxFe2ySe2 single crystals. It is found that the Jc values can be greatly improved by
Mn doping and post-quenching treatment when comparing to pristine pure sample. In contrast to
pure samples, an anomalous second magnetization peak (SMP) effect is observed in both 1% and
2% Mn doped samples at T ¼ 3 K for H k ab but not for H k c. Referring to Dew-Hughes and
Kramer’s model, we performed scaling analyses of the vortex pinning force density vs magnetic
field in 1% Mn doped and quenched pristine crystals. The results show that the normal point defects
are the dominant pinning sources, which probably originate from the variations of intercalated K
atoms. We propose that the large nonsuperconducting K-Mn-Se inclusions may contribute to the
partial normal surface pinning and give rise to the anomalous SMP effect for H k ab in Mn doped
crystals. These results may facilitate further understanding of the superconductivity and vortex pin-
ning in intercalated iron-selenides superconductors.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4901902]
The discovery of iron-based superconductors (SCs) have
been stimulating the studies of understanding the mechanism
of unconventional high-Tc superconductivity,
1,2 and the
issues on their potential applications are also inspired simul-
taneously.3 Among iron-based superconducting families,2
the so called “122” iron-based SCs with ThCr2Si2 structure
are particularly attractive and promising for future high field
applications due to their high Tc (up to 38 K), upper critical
field (l0Hc2  100 T), low anisotropy (C 2), and capacity
of carrying large critical current density (Jc  106 A/cm2).4–7
Sharing a similar crystal structure with “122” SCs, the
mono-ion intercalated AxFe2-ySe2 (A¼K, Rb, Cs, Tl) SCs
with Tc  30 K have received considerable attention because
of their intriguing properties.8 Very high l0Hc2 values
(>50 T at T ¼ 0 K) have been revealed by the high field
magnetotransports and radiofrequency (rf) contactless
penetration depth measurements on KxFe2ySe2 and
(Tl,Rb)xFe2ySe2 single crystals.
9–12 More importantly, the
arsenic-free SCs have lower toxicity than iron-arsenic SCs.
To this end, a question is naturally raised whether the
AxFe2ySe2 SCs could be a candidate material for high field
magnet. However, the bulk AxFe2ySe2 single crystals are
always infested by the intrinsic phase separation,13–16 which
is a big obstacle to practical applications. Recent neutron dif-
fraction studies demonstrate that the insulating phase has a
chemical formula K2Fe4Se5 forming a
ffiffiffi
5
p  ffiffiffi5p iron va-
cancy ordered block antiferromagnetic (AF) structure at low
temperature while the superconducting phase arises from
alkali deficient KzFe2Se2 (ThCr2Si2 structure), which is em-
bedded in the matrix of the insulating block AF phase.16
Different schemes, such as high temperature melt
(within one or two steps),14,15,17–20 Bridgman method,21 and
optical floating-zone technique,22 have been employed to
grow single crystalline AxFe2ySe2. Lei and Petrovic show
that pristine KxFe2ySe2 single crystals can only carry small
Jc values.
17 It was reported that the Jc values could be
improved by quenching or Te/S doping,14,15,20–24 but still
one or two orders smaller than “11” iron-chalcogenide and
“122” iron-arsenic SCs.4–7,25,26 To improve the Jc and evalu-
ate the high field performance of AxFe2ySe2 SCs, the study
of vortex pinning mechanism needs to be carried out espe-
cially on high quality samples. So far, there are only few
investigations on the vortex pinning in “122”-like KxFe2Se2
SCs.19,23,24 Recently, we reported that the phase separation
and the superconductivity of KxFe2ySe2 can be significantly
enhanced by slight Mn dopant.18,19 More interestingly, it is
demonstrated by ac susceptibility measurements that the 1%
Mn doped single crystal has very strong intrinsic pinning,19
of which the derived activation energy U0 shows nearly iso-
tropic behavior for parallel (H k ab) and perpendicular
(H k c) to Fe-Se plane and reaches high values of 105 K at
low fields.
To further elucidate the origin of the strong pinning
induced by Mn doping, here we present a comparative study
of the magnetic vortex pinning properties for pure and Mn
doped KxFe2ySe2 single crystals. The magnetic hysteresis
loops (MHLs) have been measured to extract the Jc values.
We will discuss the vortex pinning mechanism from the
analysis of pinning force density ðFÞ vs magnetic fields
(l0H) in the framework of Dew-Hughes and Kramer’s
model.
a)Present address: Peter Gr€unberg Institute (PGI-8), Forchungszentrum
J€ulich, D-52425 J€ulich, Germany.
b)Author to whom correspondence should be addressed. Electronic mail:
jczhang@staff.shu.edu.cn
0003-6951/2014/105(19)/192602/5/$30.00 VC 2014 AIP Publishing LLC105, 192602-1
APPLIED PHYSICS LETTERS 105, 192602 (2014)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
134.58.253.57 On: Wed, 12 Nov 2014 15:41:00
The single crystals of Mn doped K0.8Fe2zMnzSe2
(z¼ 0, 0.01, 0.02, and 0.03) were grown from the melt of
(Fe,Mn)Se precursor and K metals.18,19 The as-grown
undoped crystal was annealed and quenched into an ice
water bath to improve the superconductivity.14,15,18 Energy
dispersive x-ray (EDX) spectroscopy has been carried out
for composition analysis.18 The mean compositions of the
four samples were determined to be K0.76Fe1.89Se2 (S1),
K0.79Fe1.88Se2 (S1-quenched), K0.80Fe1.84Mn0.012Se2 (S2),
K0.80Fe1.86Mn0.020Se2 (S3), and K0.73Fe1.87Mn0.024Se2 (S4)
from nine points of EDX spectrum. The MHLs up to 67 T
with H k ab and H k c were measured using a vibrating sam-
ple magnetometer (VSM).
Figures 1(a) and 1(b) show the MHLs with H k c and
H k ab at T ¼ 3 K for the four samples, respectively. The
MHLs of lightly Mn-doped samples become much bigger
and more symmetric than those of the pristine pure samples,
in accord with the observation of enhanced superconductiv-
ity by Mn dopant.18 However, the area of MHLs becomes
smaller with an increasing Mn doping content from z¼ 0.01
to 0.03. There is a most pronounced irreversibility of MHLs
in S2 sample for both H k c and H k ab, and a strong vortex
pinning therein was previously suggested based on the analy-
sis of activation energy U0 of S2 sample.
19 By contrast to the
findings in “122” iron-arsenic SCs,4,5 the zero-field central
peak (ZFCP) for H k c is not observed in both S2 and S3
samples. The absence of ZFCP was also reported in high
quality KxFe2ySe2 and RbxFe2ySe2 single crystals.
20,21,27
The feature has been attributed to the intrinsic percolative
superconductivity due to the intrinsic phase separation.13,27
Intriguingly, besides the appearance of ZFCP for H k ab, a
second magnetization peak (SMP) effect (also called fishtail
effect) presents in S2 and S3 samples at T ¼ 3 K, implying
the vortex pinning is abnormally enhanced with increasing
the magnetic field. It is noted both ZFCP and SMP effects
have been observed in MHLs of S-doped KxFe2ySe2 single
crystal (only for H k c),23 “11” iron-chalcogenide and “122”
iron-arsenic SCs.4–7,25,26 Moreover, after annealing and
quenching the crystals at around 673 K,14,15,18,24 the super-
conducting properties of pristine sample can be enormously
improved, as comparable to the Mn doped samples. Here,
the symmetric features of MHLs in S1-quenched samples are
similar to those reported,14,15,24 suggesting that the dominant
pinning sources are from bulk instead of surface barriers af-
ter thermal treatment. This allows one to make a further
comparative study on the vortex pinning between the S2 and
S1-quenched samples.
To estimate the Jcðl0HÞ values from MHLs curves, we
employ the extended Bean critical state model.28
Accordingly, the field dependence of in-plane Jabc (H k c) for
a rectangular shape is given by the relation
Jabc ðl0HÞ ¼ 20DM=½wð1  w=3lÞ; (1)
where w and l are the width and length of the sample and
DM is the difference between the magnetization values for
increasing and decreasing field. Here, the thickness (t) of the
sample is set as t < w < l and the magnetization is measured
in the unit of emu/cm3. Nevertheless, the evaluation of Jc
becomes more complex for H k ab. There are two different
contributions to the supercurrent, namely, the one parallel to
the Fe-Se layers (Jab

c , usually J
ab
c 6¼ Jabc ) and the other per-
pendicular to the Fe-Se layers (Jcc). In the limit of
l;w  tJabc =3Jcc , the inter-plane Jcc is approximately given
by Jcc ¼ 20DM=t. The calculated Jabc and Jcc are shown in
Fig. 1(c) and 1(d). The highest Jcð0Þ of S2 sample at T ¼ 3 K
is extracted to be Jabc ð0Þ¼ 5.8 104 A/cm2 and
Jccð0Þ¼ 9.2 103 A/cm2 for H k c and H k ab, respectively.
With further increasing the field, the Jc shows only weak
field dependence for H k c while first decreases but increases
again at l0H¼ 3.6 T for H k ab in both S2 and S3 samples.
These results indicate that the Mn doping can be an effective
way to improve the performance of capability for carrying
supercurrents at high fields in KxFe2ySe2 SCs. However,
the obtained Jcðl0HÞ values are still one or two orders
smaller than the previous results for “11” iron-chalcogenide
and “122” iron-arsenic SCs.4–7,25,26 Comparing to pristine
KxFe2ySe2 single crystals, the Jcð0Þ values of S2, S3, and
S1-quenched samples are much larger than S1 sample
(Jabc ð0Þ¼ 5.6 102 A/cm2 and Jccð0Þ¼ 7.5 102 A/cm2 at
T ¼ 3 K) and previously reported results,17 implying that
both Mn doping and post-quenching can improve Jcðl0HÞ.
For S1-quenched, S2, and S3 samples, the Jcðl0HÞ values at
low field are comparable to the reported results of the ther-
mal quenched KxFe2ySe2,
14,15,23 one-step grown
KxFe2ySe2,
20 and Bridgman-method grown RbxFe2ySe2
single crystals.21 It is also noted that Jabc ðJccÞ of Mn doped
samples is larger than the S-doped KxFe2ySe2 single crys-
tals with a SMP effect for H k c.24 In contrary to other “122”
systems,4,5 the SMP effect disappears quickly for S2/S3 sam-
ples with an increasing temperature.29
We now turn to discuss the mechanism of vortex pin-
ning in S1-quenched and S2 samples. The magnetic field de-
pendence of the pinning force density defined by
F ¼ jl0H  Jj has been investigated in the frame of single
vortex pinning regime (i.e., neglecting the intervortex
FIG. 1. Isothermal MHLs at T ¼ 3 K for S1, S1-quenched, S2, S3, and S4
samples. (a) H k c and (b) H k ab. The critical current density at T ¼ 3 K as
a function of magnetic field for S1, S1-quenched, S2, S3, and S4 samples.
(c) H k c and (d) H k ab.
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interactions),30 the pinning force of type-II superconductors
can be scaled as
f ¼ F=Fmax / hpð1  hÞq; (2)
where Fmax is the maximum pinning force density and
h ¼ H=Hirr is the ratio between external field l0H and irrever-
sibility field l0Hirr. Based on Jc  l0H data, l0Hirr can usu-
ally be determined as the extrapolated zero Jc value from
Kramer plot (noted by criterion I),31 i.e., J1=2c ðl0HÞ1=4 is plot-
ted as a function of l0H. Nevertheless, if the pinning is domi-
nated by point defects with their dimensions smaller than the
vortex lattice parameter (given by a0 ¼ ð2U0=
ffiffiffi
3
p
l0HÞ1=2, U0
is flux quantum), plot of J1=2c / ð1  hÞ will be expected and
the determination of l0Hirr can be done by linearly extrapolat-
ing down to zero of J1=2c  l0H curves (noted by criterion
II).30 As shown in Figs. 2(a) and 3(a), it is found that the
Kramer plot is more appropriate for S2 sample while the
Dew-Hughes plot is suitable to S1-quenched sample. This
indicates that the point pinning centers play major roles in S1-
quenched sample. Moreover, the determined l0Hirr as a
function of reduced temperature (t ¼ T=Tc) can be fitted by
empirical formula l0HirrðTÞ ¼ l0Hirrð0Þð1  tÞn with
n¼ 1.23 for S2 and n¼ 1.52 for S1-quenched samples, which
are quite close to the typical value n¼ 1.50 for three-
dimensional giant flux creep.32 It is also noted that the fitted
exponents are in agreement with that (n¼ 1.49 for H k c)
determined by ac susceptibility measurements on S2 sample.19
To further explore the vortex pinning regime in S2 and
S1-quenched samples, the temperature and field dependence
of the vortex pinning force density are plotted in Figs. 2(b)
and 3(b). It is found that the normalized f ðhÞ curves follow a
temperature independent scaling law, indicating there is one
dominant pinning mechanism for both samples. Fitting the
data by Eq. (2), we obtained p¼ 0.84 and q¼ 2.31 with peak
position hmax ¼ p=p þ q¼ 0.27 for S2 while p¼ 0.94 and
q¼ 1.83 with hmax ¼ 0.34 for S1-quenched sample. According
to Dew-Hughes’ model,30 it is expected that the peak position
occurs at hmax ¼ 0.33 with p¼ 1 and q¼ 2 for normal point
pinning centers while hmax ¼ 0.20 with p¼ 0.5 and q¼ 2 for
normal surface pinning centers (e.g., grain boundaries) with
FIG. 2. (a) Kramer plot of J1=2c ðl0HÞ1=4 / l0H obtained at T ¼ 19, 23, 27,
31 K. Solid lines are linear fit curves. Inset shows the reduced temperature
dependence of irreversible field with solid line as the fit of formula l0Hirr /
ð1  tÞn with n¼ 1.23. (b) The f ðhÞ data points at various temperatures.
Solid line is the fit curve using scaling form f / hpð1  hÞq with p¼ 0.84
and q¼ 2.31. Inset shows plot of Fmax / ðl0HirrÞm with m¼ 1.87.
FIG. 3. (a) Plot of J1=2c / l0H obtained at T ¼ 7, 19, 23, 27, and 31 K. Solid
lines are linear fit curves. Inset shows the reduced temperature dependence
of irreversible field with solid line as the fit of formula l0Hirr / ð1  tÞn
with n¼ 1.52. (b) The reduced field dependence of normalized flux pinning
force at various temperatures. Solid line is the fit curve using scaling form
f / hpð1  hÞq with p¼ 0.94 and q¼ 1.83. Inset shows plot of Fmax /
ðl0HirrÞm with m¼ 1.45.
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core interactions. For the latter case, Kramer also predicted
the same scaling expression for the shear breaking in the pres-
ence of a set of planar pinning centers.31 The fact, that hmax of
S1-quenched sample is very close to the theoretical expecta-
tion, indicates that its dominant pinning sources are the nor-
mal point pinning centers, consistent with the previous finding
on quenched KxFe2ySe2 crystal.
23 Similar peak position was
also observed in doped BaFe2As2 SCs.
4,5 However, the peak
position is much lower than hmax ¼ 0.33 for S2 sample, imply-
ing that the normal surface pinning centers may also contrib-
ute to the vortex pinning. Similar scaling with different hmax
positions (i.e., hmax ¼ 0.27 by criterion I for sample A,
hmax ¼ 0.30 by criterion I or hmax ¼ 0.33 by criterion II for
sample B) was also discovered in two batches of FeTe0.7Se0.3
single crystals.26
Furthermore, it is important to shed light on the potential
pinning centers preserved in S2 and S1-quenched crystals.
Recent XRD,18 SEM, and TEM experiments33,34 on Mn
doped samples show that the Mn atoms can hardly enter the
superconducting stripes phase but form nonsuperconducting
K-Fe-Mn inclusion phases, which are embedded in supercon-
ducting stripes.33 Analogous to the role of second phase in
high-Tc cuprates,
35 these large normal inclusions are prob-
ably the pinning sources for surface pinning regime in Mn
doped KxFe2ySe2 single crystals, since their dimensions are
larger than the coherence length n and may give rise to the
SMP effect. This leads to the conjecture that the vortex pin-
ning induced by these normal inclusions rather than twin
boundaries may be responsible for the observation of strong
plastic pinning in S2 sample.19 On the other hand, the varia-
tions of K atoms6,36 probably serve as the major normal
point pinning centers in KzFe2Se2 even though the lattice
defects, e.g., Fe/Se vacancies cannot be totally
excluded.15,16,37,38 As shown in the insets of Fig. 2(b) and
Fig. 3(b), the Fmax obeys a scaling form of Fmax / ðl0HirrÞm
with m¼ 1.87 and m¼ 1.45 for S2 and S1-quenched sam-
ples, respectively. These values are somehow smaller than
theoretical value n¼ 2, which may result from the uncer-
tainty of determination of l0Hirr values by the concerned cri-
teria. Lei and Petrovic reported a scaling exponent n¼ 1.67
for their quenched KxFe2ySe2 crystal,
23 in which the normal
point pinning regime becomes dominant above 10 K.
As mentioned before, even though f ¼ F=Fmax often
scales monotonically with h ¼ H=Hirr, it is difficult to deter-
mine l0Hirr accurately.
26,35,39 To lessen the uncertainty in
the pinning analysis, the FðHÞ data were rescaled by h ¼
H=Hmax (l0Hmax is the magnetic field corresponding to the
maximum of F) as widely adopted in high-Tc cuprates
SCs,35,39 and then the scaling of f ðhÞ data can be given by
the following equations:35,39
f  ¼ 3h2ð1  2h=3Þ for Dj pinning; (3)
f  ¼ 9
4
h 1  h=3ð Þ2 for normal point pinning; (4)
f  ¼ 25
16
h1=2 1  h=5ð Þ2 for surface pinning: (5)
Shown in Figs. 4(a) and 4(b) are plots of the new scaled data
for S2 and S1-quenched samples, respectively. It turns out
that the experimental data follow Eq. (4) well in wider field
range for S1-quenched than S2 sample, confirming the actual
dominant pinning centers are normal point pinning centers as
compatible with the former discussion. Meanwhile, another
feature revealed in Figs. 4(a) and 4(b) is a deviation starts to
take place at the l0Hmax (e.g., l0Hmax ¼ 5.16 T for S2 and
3.13 T for S1-quenched at T ¼ 15 K) and it is much more
pronounced for S2 than S1-quenched sample. Similar devia-
tions were also observed in YBa2Cu3O7-d single crystals and
they were attributed to the effect of flux creep.35,39,40 This
indicates that the flux creep may appear and becomes domi-
nant under high fields at evaluated temperatures in the S2
sample, which presumes the lower position of the peak in
Fig. 2(b).41
In conclusion, we have performed a comparative study
of the Jcðl0HÞ and the vortex pinning among pure and Mn
doped KxFe2ySe2 single crystals. The Jcðl0HÞ values can
be greatly improved by Mn doping and post-quenching treat-
ment when comparing to pristine pure sample. Especially,
the 1% and 2% Mn doped samples exhibit an anomalous
SMP effect for H k ab, as may be attributed to the nonsuper-
conducting K-Mn-Se inclusions. Two scaling analyses of
F / l0H on S2 and S1-quenched crystals provide a solid
evidence for the dominance of the normal core point pinning
regime, probably caused by the variations of K atoms.
Additionally, the large normal K-Mn-Se inclusions have
been assigned to partially induce the normal surface pinning
regime in S2 sample.
FIG. 4. Plots of f ðhÞ at different temperatures for (a) S2 sample, (b) S1-
quenched sample. Solid line is the fit curve of Eq. (3) for Dj pinning.
Dashed line is the fit curve of Eq. (4) for normal point-pinning. Dotted line
is the fit curve of Eq. (5) for surface pinning.
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